Abstract: This paper reports on the concept, design, fabrication and experimental results of a new passive wireless sensor for pH measurements. The sensor is based on a LC resonator formed by an inductor and an EIS (ElectrolyteInsulator-Silicon) capacitor working as a pH-to-capacitance transductor. A reference electrode is used to obtain a stable DC potential at the electrolyte. An additional comb-like electrode located on the surface of the insulator is also provided to obtain a low AC impedance. Using this double-electrode scheme a Q larger than 15 is achieved for a wide range of conductivities. Wireless measurements of the LC sensor yields a sensitivity of 1.0% frequency change per pH unit. 
Most LC sensors found in the literature were designed to measure physical magnitudes [4, 5] . Chemical concentration measurements with LC sensors reported previously were based on stimuli-sensitive hydrogels [6, 7] . More recently, an LC chemical sensor based on an EIS (Electrolyte-Insulator-Silicon) capacitive structure was presented by the authors [8] . In the present paper various design aspects of these sensors will be addressed.
It is well known that EIS capacitors are sensitive to pH [9, 10] . A modification of the electrolyte pH results in a shift in its C-V curve. Therefore, a pH-to-capacitance transductor can be obtained by biasing the device with a suitable constant voltage. In the proposed wireless sensor an inductor is connected in parallel to the EIS capacitor, which implies 0 V DC biasing. Electrical connection to the electrolyte (i.e. the solution being measured) is provided by a reference electrode. Figure 1 is a simplified schematic representation of the sensor concept. In order to obtain a measurable sensor, certain aspects have to be considered when designing and fabricating it. For example, the quality factor of the resonator should be high and the C-V curve of the EIS capacitor should be centred at 0V for a pH-to-capacitance transduction to take place. These two important issues are addressed in the next section.
HIGH Q EIS CAPACITOR DESIGN AND MODELLING
A common technique for wireless measurement of the resonant frequency is based on detecting the local minimum of the impedance phase at an external readout coil. The depth of the phase dip at the resonant frequency can be approximated by ) ( tan where k is the coupling coefficient and Q is the quality factor of the sensor. From this equation is evident that the higher the Q, the deeper the phase dip, which should be easier to detect. A good quality factor also permits a longer measurement distance since a lower k is compensated by a higher Q in equation (1) .
If we were to use the simplified scheme in Figure 1 , the resistance of the reference electrode liquid junction (typically a few kΩ) and of the solution between the electrode and the EIS capacitor dielectric surface (also in the order of kΩ for low conductivity solutions) would prevent achieving high Q values. In order to overcome this problem we propose a double electrode scheme. The second electrode should be connected in parallel to the reference electrode and should have a low associated resistance at the resonant frequency. To avoid altering the stable potential provided by the reference electrode at DC a capacitor should be placed in series with the low resistance electrode. Figure 2 .a shows a cross-section of the double electrode EIS capacitor structure used in this work, which has been designed to meet the above mentioned requirements. The low resistance electrode consists of a set of polysilicon tracks that run parallel to and are interdigitated with another set of EIS capacitor strips. This geometry minimizes the resistance of the solution between the surface of the electrode and the surface of the capacitance dielectric. A double layer of silicon oxide and silicon nitride has been used as dielectric for the EIS capacitor. This double layer provides linear response to pH and has been extensively used in field effect chemical sensors [11, 12] . The same double layer isolates the polysilicon electrodes. In this fashion a capacitor is also formed between this electrode and the solution.
Another thick dielectric layer underneath the polysilicon layer forms an additional direct capacitance to the substrate.
The equivalent circuit model of the above described EIS capacitor structure is shown in Figure 2 .b. This circuit can be used to estimate the overall capacitance and resistance, and hence, the quality factor of the structure. R c and R ref represent the resistance of the polysilicon traces and the resistance associated to the reference electrode, respectively. C d1 and C d2 are the capacitances of the dielectric layers between the polysilicon and the solution and between the solution and the silicon substrate, correspondingly. The solution is located in between these two capacitors, and is modelled as a resistor in parallel with a capacitor (R sol and C sol ).
The capacitance of the thick oxide underneath the polysilicon traces is represented by Csub.
Finally, the variable capacitance of the silicon depletion layer is represented by C dep . The values for R c , C sub , C d1 , C d2 , and C dep are calculated from geometrical parameters, whereas the values for R sol , and C sol are obtained from simulation with electromagnetic finite element analysis software (MAXWELL2D, Ansoft corp.). In the design presented here the polysilicon traces are 3 μm wide, 0.45 μm high and 1600 μm long and separated from the substrate by a 0.8 μm-thick oxide. Distance between traces (center to center) is 6 μm. The EIS capacitance areas between each two pair of fingers are therefore 3 μm wide and 1600 μm long. A total 218 electrode fingers form a 1.6 mm x 1.8 mm sensitive area. Using the equivalent circuit described above one can estimate that a high Q is theoretically achieved for a wide range of frequencies with this design, as will be shown in Section 5.
Besides the quality factor requirements, another issue that has to be addressed is the control of the flat band voltage of the EIS capacitive structure. In order to obtain a change in capacitance when the pH is modified, the depletion interval of the C-V curve, which is the portion of the curve with high slope, has to include 0 V for the whole pH range. This portion of the C-V curve for a MOS (Metal-Oxide-Silicon) capacitor can be approximated by the
where ε 0 is the free space permittivity, q is the electronic charge, 
where K N and t N are the nitride layer relative permittivity and thickness, respectively. It is clear from Equation (2) 
where ERef is the reference electrode potential, ΨO is the pH-dependent surface potential, χ sol is the surface dipole potential of the solution, Φ Si is the silicon electron work function, and Q T is the total equivalent charge trapped in the dielectric layers and at the oxide-silicon interface states. The depletion interval of the C-V curve spans from V=V FB to V= V T . The threshold voltage, V T , is given by
where φ F is the Fermi potential. An EIS structure with a negligible density of trapped charge has a slightly negative V FB (-410 mV for a p-type wafer, silicon oxide dielectric, pH 2.2 and a calomel reference electrode [15] ) and a slightly positive V T (420 mV for a 1000 Å-thick oxide on a 5·10 14 cm -1 p-type doped wafer as calculated with Equation (5)). Therefore, the requirement of a centred C-V curve is satisfied with common doping concentration and dielectric thickness, provided that the dielectric charge density is sufficiently low that it does not affect significantly the flat band voltage. However, in the case of an oxide-nitride double dielectric layer it is difficult to avoid accumulation of charge during fabrication process due to a high density of charge traps [16] . As a consequence, much more negative flat band voltages, and hence the high slope of the C-V curve away from 0 V, may result. In order to solve this problem we can take advantage of the photoinjection effect [16] , that is, irradiating the capacitive structure with UV light while applying low voltages across it.
As already mentioned, the useful voltage range of the C-V curve corresponds to the depletion interval. The depletion interval is given by
This interval must be larger than the foreseen changes in V FB due to variations of pH. The maximum possible change in V FB is about 800 mV for aqueous solutions, although a more reasonable value would be 550 mV (10 pH units and sensitivity of 55 mV/pH). From Equation (6) one could conclude that large t' O and N A values are desirable for a wide depletion voltage interval. However, a trade-off has to be made between range and sensitivity, since the latter is inversely proportional to t' O and N A , as shown in the expression of the maximum slope of the C-V curve defined in Equation (2) ) (
Another aspect to be taken in account is that low silicon doping for achieving high sensitivity has the negative effect of increasing the series resistance of the structure. Using high conductivity wafers with a low doping epitaxial top layer can solve this problem.
FABRICATION
Starting wafers have less than 0.02 ohm·cm resistivity with a 22. 
EXPERIMENTAL
Measurements of response to pH were carried out in a universal buffer consisting of Curves of capacitance vs. frequency to study the effect of conductivity were also obtained with the HP4192 impedance analyser. Connection of the EIS structure to the analyser was carried out as in the C-V measurements. Solutions of different conductivity and constant pH were prepared by diluting a pH 7 buffer (from Crison Instruments, SA) or adding KCl to it. The pH was measured after preparation to ensure that the original value was maintained.
RESULTS AND DISCUSSION
The EIS capacitors were measured before UV irradiation, and after irradiation at fixed time intervals. relation between capacitance and frequency. This is due to the fact that the total capacitance change is only about 10% of the central capacitance.
The effect of solution conductivity on the sensor response was studied both experimentally and by simulation. The interference of salt concentration on the electrochemical response of the nitride-electrolyte interface was considered negligible, as demonstrated for other field-effect chemical sensors using nitride gate [17] . Therefore, only the effect of conductivity on the EIS structure impedance was studied. series with the dielectric and depletion capacitances, and therefore the total capacitance is reduced. The increase in capacitance seen at lower frequencies can be associated to the reference electrode. At those frequencies the impedance of the polysilicon-to-solution capacitor, C d1 , is comparable to the impedance associated to the reference electrode. In order to avoid AC currents going through the reference electrode, and hence, degrading the quality factor, its impedance was deliberately increased with a 100 kȍ series resistor. From both experimental and simulated curves one can observe that the region of lower conductivity effect is located around 100 kHz. The resonant frequency vs. conductivity curves for two LC sensors working at 121 kHz and 1.27 MHz, shown in Figure 8 , also confirm a lower conductivity effect at lower frequencies.
Finally, the quality factor of the EIS capacitor was measured for different solution conductivities. As shown in Figure 9 .a, the Q is high for a wide range of conductivities and frequencies. Measurement of Q for an EIS capacitor with no connection to the polysilicon electrode, that is, using only the reference electrode, yields a much lower Q. This confirms the necessity of the polysilicon electrode to obtain a high Q. Moreover, the effect of solution conductivity is much larger when the polysilicon electrode is not used (results not shown).
The results of simulation with the equivalent circuit model, shown in Figure 9 .b, agree well with the experimental curves. The lower measured Q is probably due to a higher-thanexpected resistivity of the polysilicon.
CONCLUSION AND OUTLOOK.
The feasibility of using an EIS capacitive structure as a pH sensitive capacitor for LC wireless sensors was demonstrated. A sensitivity to pH of 1.0% frequency change per pH unit was obtained. The Q of the LC resonator was high for any solution conductivity thanks to the use of a low impedance comb-like polysilicon electrode in addition to the reference electrode.
Response to conductivity could be minimized by selecting a suitable working frequency.
However, the present sensor design has a considerable sensitivity to conductivity below 500μS/cm. One possible approach to reduce this undesired sensitivity is the minimization of the contribution of the solution impedance to the total impedance. This could be achieved by reducing the spacing and width of the polysilicon traces. Another drawback of the device presented here is the necessity of adjusting its flat band voltage at the packaged device level. Possible solutions are the use of other dielectric materials with less charge-trap densities or the optimization of the current dielectric layer thickness to minimize the effect of trapped charges (e.g. a thicker
SiO 2 and a thinner Si 3 N 4 layer). The optimization of the C-V curve to achieve a higher sensitivity and higher linearity will also be considered in the future. 
